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ABSTRACT 

We report the Chandra detection of hard X-ray emission from the Welch ring in W49A, an 
organized structure of ultra-compact (UC) H n regions containing a dozen nascent early-type 
stars. Two UC Hn regions are associated with hard X-ray emission in a deep Advanced CCD 
Imaging Spectrometer image exposed for ~96.7 ks. One of the two X-ray sources has no near- 
infrared counterpart and is extended by ^^5", or ~0.3 pc, at a distance of ^11.4 kpc, which 
is spatially aligned with the cometary radio continuum emission associated with the UC H n 
region. The X-ray spectrum of the emission, when fit with a thermal model, indicates a heavily 
absorbed plasma with extinction of ^5x10^'^ cm~^, temperature ~7 keV, and X-ray luminosity 
in the 3.0-8.0 keV band of ^3x10'^^ ergs s~^. Both the luminosity and the size of the emission 
resemble the extended hard emission found in UC Hn regions in Sagittarius B2, yet they are 
smaller by an order of magnitude than the emission found in massive star clusters such as NGC 
3603 and the Arches cluster. Three possibilities are discussed for the cause of the hard extended 
emission in the Welch ring: an ensemble of unresolved point sources, shocked interacting winds 
of the young O stars, and a wind-blown bubble interacting with ambient cold matter. 



Subject headings: stars: early-type — ISM: 
X-rays: ISM — radio continuum: ISM 

INTRODUCTION 



HII regions — ISM: individual (W49A, the Welch ring) 



One of the interesting differences in X-ray- 
emitting phenomena between low-mass and high- 
mass star-forming regions is the existence of dif- 
fuse X-ray emission in high-mass regions. Ex- 
tended emission in the soft X-ray band has been 
reported in some young massiv e clusters (e.g., M17 
and the Rosette nebula; Tow nslev et al.l i2003) and 
in nebulae surroun ding Wolf-Rayet stars (e.g., S- 



K and total luminosity of ^10'^^- 
^. In the latter two regions, soft 



308 a nd NGC 6888: IChu et"al]l2003l : FvWigge et al 
20051 ). Such emission is unlikely to arise from 



supernova remnants because these regions are ex- 
pected to be too young to host supernova ex- 
plosions. The X-ray spectrum can be explained 
by thermal plasma emission with a tempera- 
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ture of -10^ 

10'^'' ergs s^". In tlie latter two regions 
X-rays are considered to be caused by a single 
Wolf-Rayet star, and hence the physical situation 
is simpler than the former two regions, which har- 
bor a number of such massive objects. 

The temperature, luminosity, and the physical 
scale of ~5-lQ pc of the soft diffuse emission can 
be explained by the wind-blown bubble model, in 
which the fast winds from massive stars are ther- 
malized by shocks colliding in the surrounding cold 
matter. IWeaver et al.l (|l977n presented an analyt- 
ical self-similar solution for this model, propos- 
ing that shock heating forms a bubble of hot gas 
that is observed as soft extended X-ray emission. 
The gas is contaminated by metals as a conse- 
quence of mass loss from massive stars, includ- 
ing main-sequence 0-type stars and Wolf-Rayet 
stars. Such contamination has been observed as 
nitrogen-enriched chemical abunda nces in the op 



tical spectra of some nebula (e.g., lEsteban et al 
19921 ). In the soft diffuse emission from S-308 



XMM-Newton measured elevated abundances con- 
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sistent with those reported for the cold surround- 
ing nebula, supporting the w ind-blown bubbl e 



model for the X-ray emission (jChu et al.l |2003|) 



The bubble model can be similarly applied to ex- 
plain the diff use X-ra y emissio n around planet ary 
nebulae fe.g.. lDvsonl ll992: Kas tner et a"Lll200ll ). 

Much hotter extended emission has been re- 
ported by Chandra in other massi ve star-fo rming 
regions, including NGC 3603 (.Moffat et alJliooa). 



(|Takagi et a l. 2 002.), RCW 38 (|Wolk et al 



the Arches and the Quintuplet clu sters ()Yusef-Zadeh et al. 
[2002; 'Law & Yusef-Zadehl 12004) . Sagittar ius B2 



and NGC 6334 (|Ezoe et al.ll2006h . The hard dif- 



fuse emission in these samples shows X-ray prop- 
erties that differ from those of the soft diffuse 
X-ray emission. The typical plasma temperature 
is higher by more than an order of >10 ^ K. The 
typical apparent size is much smaller of ~0.1- 
1 pc. Some of these hard spectra may be non- 



thermal (RCW 38 and NGC 6334; IWolk et al 



20021 : lEzoe et alj l2006f ). Some show a strong 



fluorescent line from neutral or low-ionized iron 
at ~6.4 keV (Sagitta rius B2, the A rches cluster; 
Takagi et al1 l2002: Y usef-Zadeh et a l. 2002), indi- 



cating that cold matter is involved in the process. 

The origin of the hard e xtended emission is less 
clear. Canto et al. ( 2000l ) presented an analytic 
model to describe the winds from a massive cluster 
interacting with each other and with the cold in- 
terstellar matter. Winds colliding with each other 
can give rise to a higher temperature in shock 
plasma than the winds co lliding in the cold mat- 
ter at rest. Takagi et al.l (j2002i) speculated that 



the extended emission in Sagittarius B2 may be a 
collection of unresolved point sources comprising 
of both low-mass and high-mass members in the 
giant molecular cloud (GMC). Low- mass young 
stellar objects (YSOs) have been known as strong 
hard X-ray emitter s due to flares caused by mag - 
netic reconnection ( Feigelson fc Montmerlelll999f ). 
It has recently been proposed that magnetic ac- 
tivity may be responsible for the hard emission 
seen in some you n g O stars (ISchulz et al. 1 120031: 



3ung 

Gagne et all l200a IStelzer et al.l 120051 ). There is 



also a possibility that the hard extended emis- 
sion may be a special case of the wind-blown bub- 
ble employed to explain the soft diffuse emission. 
None of these explanations have conclusive obser- 
vational evidence. 

Such a phenomenon is particularly interesting 



in ultra-compact (UC) Hn regions. UC Hn re- 
gions are ionized gas of a small size (^10^^ cm) and 
a high density (>10'* cm~^), which are associated 
with massive forming st ars still embedded in their 
natal molecular clouds (jChurchwelll 120021 ). Two 
equally important energy sources governing the 
physics of UC Hn regions are strong ultraviolet 
(UV) radiation an d stellar winds from the form- 
ing massive stars ( Capriotti fc Kozmin ski 200ll). 
The effect of the UV radiation, on one hand, is 
easier to assess, as the '--^10'* K plasma in equi- 
librium between the UV photo-ionization and the 
hydrogen recombination can be accessed using in- 
terferometers via centimeter continuum free-free 
emission, which penetrates through the extreme 
extinction {Ay — lO'^-lO'' mag) common among 
these regions. The effect of the stellar winds, on 
the other hand, is poorly constrained by observa- 
tions and is often overlooked. If the hard extended 
emission is the outcome of such winds, it will pro- 
vide a unique observational tool to investigate the 
wind effects, which will contribute to a complete 
understanding of the evolution and morphology of 
UC Hn regions. 

In this paper, we report the result of a deep 
hard X-ray study of a cluster of UC Hn regions 
in W49A, known a s the Welch ring. At a dis- 
tance of -11.4 kpc (jCwinn et al.lll992f l. W49A is 
one of the mos t activ e massive star-forming sites 
in our Galaxy (jAlves fc Homeier 2003). The total 
luminosity exceeds ~10^ L©. The Lyman contin- 
uum intensi ty of — 10^^ s~^ i s equivalent to ~100 
O stars (Co nti fc Bli][3l2002h . The Welch ring is 
the most curious object in the region, consisting 
of a dozen UC Hn regions in an o rganized cir- 
cular shape with a radius of ~1 pc ([Welch et al 



19871 ). A dozen massive stars are being formed at 
the same time in a coherent structure. Numerous 



maser sources have been discovered (Gwinn et al 



19921 : iDe Free et al.llioool ). indicating ongoing m 



flow and outflow motions. This structure is unique 
in our Galaxy and affords opportunities to seek 
insights into massive star formation and the inter- 
actions between massive stars and their environ- 
ment. The present study is the first in the hard 
X-ray band. 
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2. OBSERVATIONS AND REDUCTION 

An X-ray imaging-spectroscopy observation 
was conducted usi ng ACIS (Advanced C CD Imag- 
ing Spectrometer; iGarmire et ail l2003l) on-board 



the C handra X-ray Observatory (jWeisskopf et al 
20021 ) ■ The observation consists of two point- 
ings, one for 33.5 ks (ObsID~5893) on 2005 Au- 
gust 3-4 and the other for 63.1 ks (ObsID-6355) 
on 2005 August 4-5. Both were planned with 
identical aim points (R. A. = 19''12™41!2 and 
deck = 09'^06™51^) and roll angles, resulting in 
a combined data set that covers a '--^IT'xl?' field 
for a total integration time of ~96.7 ks. ACIS is 
sensitive in the 0.5-8.0 keV energy band with an 
energy resolution of ~ 150 eV at 6 keV. The size of 
the point spread function (PSF), represented by 
the 90% encircled energy radius of a point source, 
is ~1 and ^2" for 1.5 and 6 keV photons within 
2' around the optical axis. The faintest detected 
source has a flux of ^^10^^^'^ ergs s^^ cm~^ (0.5- 
8.0 keV). The detector was operated with the 
Timed Exposure mode with the nominal frame 
time. We used the Very Faint telemetry mode 
to remove background events based on 5x5 pixel 
charge distributions. 

Figure [TJa shows a pseudo-color smoothed im- 
age of the ACIS field. The bright extended struc- 
ture at the eastern edge of the field is the su- 
pernova remnant W49B, which is unrelated to 
W49A. Figure [Ij shows a closer view of the ma- 
jor massive star clusters, including W49A South, 
the Welch ring, 03, S, and Q. Near-infrared 
(NIR) sources associated with the clusters W49A 
South, 03, S, and Q have colors redder than 
(H-Ks) = 2 mag due to a visual extinction of 
^^32 mag (jAlves fc Homeieii 120031 ) . correspond- 
ing to a hydrogen-equivalent column density of 
^5.7 x10^^ cm~^ assumiiig a st andard dust-to-gas 
ratio ( Predehl fc Schmitt]fl995h . SomeX -ray pho- 
tons are detected through this heavy extinction. 

We used the CIAO package for the source de- 
tection and the ACIS ExtraclQ software package 
for the systematic analysis of X-ray photometry, 
variability, and spectrosco py. The details of th e 
procedure are described in Getman et al.l ( 20051 ). 



^The ACIS Extract software and User's 
Guide have been available online at 

|http : //www ■ astro ■ psu ■ edu/xray/docs/TARA/ae_users_gulde , 
since February 2003. 
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Fig. 1. — (a) Pseudo-color smoothed image of the 
ACIS field. The views of the four CCD chips 
are shown with the oblique squares. Circles in- 
dicate the positions of detected X-ray sources. 
Red, green, and blue indicate the intensity in the 
0.5-2.3 (soft), 2.3-4.3 (medium), and 4.3-8.0 keV 
(hard) bands, respectively. The energy bands are 
chosen so that each band contains roughly equal 
numbers of photons. (6) Close-up view of W49A 
(the central square in a). The color coding is the 
same as (a). The figure can be c ompared to Fig- 



ure 1 in 



Alves fc Homeien (|2003f ) with the same 



dimension. An expanded view of the Welch ring 
^''^"^L region (the square in panel 6) is shown in Figure[2j 
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In total, 107 X-ray sources were detected. The po- 
sition of these sources are plotted in Figure [1] (a). 
We concentrate on the hard X-ray emission associ- 
ated with the Welch ring in this paper. The X-ray 
properties of the other sources will be presented 
separately. The astrometric uncertainty of the X- 
ray sources is ~0'.'35 estimated using 21 pairs of 
ACTS and Two M icron All Sky Survey (2MASS; 
Cutri et al.ll200ll ) counterparts. 



3. ANALYSIS 

3.1. X-ray Sources in the Welch Ring 

Figure [5] shows a multi- wavelength pseudo-color 
smoothed image of the Welch ring using X-ray, 
NIR, and radio continuum observations with blue, 
green, and red colors, respectively. The ring can 
be best traced by the radio continuum image 
in red; a dozen UC Hn regions labeled from A 
through M shape an ellipse of ^30"xl2" in major 
and minor axes and ~60° in position ang le. The 
nomenclatures follow iDe Free et al.l (|l997| ). 

Conti fc Bliiml (|2002l ) and lAlves fc Homeier 



reported NIR detections from two of the 



UC H II region s (F and J2) identified by centimeter 
observations (jPreher et al.l 11984 : [Pe" Free et al.l 
19971 ). Other NIR sources in Figure [2] are likely 
to be foreground stars because of their blue colors 
in the J-, and JTs-band photometry using the 
2MASS data. 

Among the UC H n regions in the Welch ring, 
two are associated with X-ray emission (F and G; 
Fig. [2]). From their positional coincidence, we con- 
sider that these two X-ray sources are physically 
related to the UC Hn regions F and G. The X- 
ray source at F is consistent with a point source, 
while that at G appears extended. This source 
is the main subject of this paper; we designate it 
CXOU J191013.5-h090612, hereafter abbreviated 
to source Gx. 
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Fig. 2. — Multi-wavelength pseudo-color 

smoothed image of the Welch ring. Red, 
green, and blue indicate t he intensity in the 
3.6 cm toe Free et all [2000l). NIR Ks (2MASS; 



Cutri et al.il200l[ ). and the X-ray (0.5-8.0 keV) 



bands, respectively. Crosses indicate the positions 
of the 3.6 cm source s labeled with their names 
(jPe Free et al.l Il997l ). The complex of objects 



named G1-G5 are labeled "G" . The solid polygon 
is the extraction region of the X-ray events 
associated with the source G. 



3.2. X-ray Image and Spectrum of Gx 

Figure [3] shows the spectrum of the source Gx 
extracted from the aperture shown by the poly- 
gon in Figure [2]). For technical reasons, it was 
convenient to make the aperture a contour of the 
PSF that would enclose 99% of a point-like source, 
which is large enough to cover the extended emis- 
sion of Gx. The extracted events consist of 101 
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counts with an estimated local background of ~18 
counts. No flux variability was confirmed with the 
null hypothesis (constant flux) probability of 0.37. 
The spectrum was binned to 10 counts bin~^ and 
was fit over the energy range of 3.0-8.0 keV. The 
spectrum is strongly cutoff at the softer end but 
is extremely hard such that the count rate hardly 
falls despite the rapidly falling sensitivity of ACIS 
above ~5 keV. This is very unusual, indicating 
an extremely hard intrinsic spectrum that cannot 
be attributed to heavy absorption. The median 
energy of source is 5.7 keV, which is matched by 
only 2 of the 1616 sources in the deep X-ray censu s 
of the Orion Nebula region ( Getman et al. 2005h . 
Both thermal and non-thermal models were tried 
for fitting since the data are not sufficient to de- 
tect or reject iron emission lines, which would oth- 
erwise constrain the spectral models. 

First, a t hin-th ermal-plasma APEC model 
([Smith et al.l 120011 ) with interstellar extinction 



was applied. The metallicity wa s fixed to 0.3 



solar following the convention in IGetman et al 



( 20051 ). The minimum ^ value was obtained for 
a hydrogen-equivalent column density of A^h= 
5.lj^^ g X 10^^ cm~^ and a plasma temperature 
of k^T^ 7 keV. The fit is statistically accept- 
able, corresponding to a null hypothesis proba- 
bility for the value of 0.23. The uncertainties 
quoted for the A^h value indicate the 90% confi- 
dence interval. No meaningful confidence interval 
was available for /cbT because of the relatively 
poor spectrum. Values of were calculated at 
10^ different sets of parameters in the range of 
A^H^O-lOOxlO^^ cni-2 and fcBr=0.5-20 keV, but 
no other local minimum was found. The flux in 
the 3.0-8.0 keV is --4 xlO^i** ergs s^^ cm'^, and 
the absorption-corrected luminosity in the band is 
~3xl0^^ ergs s~^. 

Second, a power-law model of E^^ with inter- 
stellar extinction was applied. The minimum ^ 
value was obtained for A^h^ 2.1x10^^ cm^^ and 
r ~ -2.7. No other local minimum was found in 
the (A^H-r) plane. The fit is statistically accept- 
able, but the positive power-law slope is unphysi- 
cal. Therefore, we hereafter refer to the results of 
the thermal fit. 

In order to examine the extent of the source 
Gx in comparison with the PSF, we plot the ra- 
dial profile of this source (Fig. |4|). A comparison 
source (CXOU J191010.4-I-090528) at a similar off- 
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Fig. 3. — X-ray spectrum of the source Gx. 
Grouped data with errors are shown in the up- 
per panel over-plotted with the best-fit plasma 
model convolved with mirror and detector re- 
sponses {solid line). The lower panel shows the 
residuals of the fit. 



axis angle with a similar median X-ray energy is 
also plotted. Gx and the comparison source are 
located at off-axis angles of 1'.6 and 1'.8 and have 
median energies of 5.7 and 4.1 keV, respectively. 
We find that Gx is extended with a radius of ~5" 
(^--^0.3 pc) in contrast to the point-like comparison 
source, which has a profile consistent with the PSF 
at its position. 



3.3. Source G in Other Wavelengths 

In the region around Gv . IPe Pree et al" (1997) 



detected five sources (Gl-5) using the Very Large 
Array (VLA) in its shorter baseline configurations 



(C aii d D) at 3.6, 1.3, and 0.7 cm. iDe Pree et al 
( 2000l ) subsequently detected Gl and resolved G2 
into three compact sources (G2a-c) using VLA in 
the longer baseline configurations (A and B) at 1.3 
and 0.7 cm. BIMA observations also detected the 
four compact sources (Gl and G2a- c) at 3.3 mm 
(iDe Pree et al.ll2000[) and 1.4 mm (jWilner et al ' 



I2OOII ) with a similar synthesized beam width (O'.'l 
0'.'3). These compact sources are presumably 
newly formed massive stars. In contrast, the lack 
of detection of G3-5 by the higher resolution inter- 
ferometer observations indicates that these sources 
ar e parts of a co n ietary structure, as is discussed 
in IPe Pree et al.l ( 20001 ). extending ~4" eastward 



of Gl and G2, sh own as contours in i n Fig.[5l (See 
also see Fig. 1 in Dreher et al.lll984l and Fig. 1 in 
De Pree et al.ll2000[) . The nature of the cometary 
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emission is uncertain. 



10.0 



m 

CD 




2 4 6 

Radius (arcsec) 



Fig. 4. — Observed radial profiles of the source Gx 
{solid pluses) and the comparison source CXOU 
J191010.4+090528 {dotted pluses). The radial 
profiles of the local model PSFs {solid and dotted 
curves) are shown, elevated on the observed back- 
ground {dashed- and- dotted line). The displace- 
ments from the center of Gx to the closest radio 
compact sources (Gl and G2: lDe Free et al. 1997 ) 
are shown by arrows. 
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Fig. 5. — X-ray intensity map of the source Gx in 
grey scale (from to 3 counts pixe l"^). The con 



tours are 1.3 cm intensity (Fig. Ic in lDe Free et al 
l2000t ) with the names of radio compact sources 
(Gl, G2a, and G2b) and knots in a lobe- like ex- 
tended structure (G3-5). The concentric circles 
indicate the distance from the peak of the X-ray 
emission in 1" steps. The diamonds show the po- 
sition of two additional peaks in the deconvolved 
X-ray image. 



In the infrared regime, the extre me extinction 
to th is source prevents access b y NIR ( Conti fc BlumI 
l2002t lAlves fc Ho meieii l 2003l) and mid-infrared 
fMIR: ISmith et a l. 2000) observations shortward 
of 12.3 /im. In the 20.6 /im image, a source ap- 
pears at G, showing an extended structure with 
a scale of ~5" attributable to therr nal em ission 

l2000h . 



from heated dust grains (jSmith et al 



The peak of the X-ray emission does not co- 
incide with the positions of any compact sources 
in the radio continuum (Gl and G2; Figs. H] and 
[5|), which are displaced from the X-ray peak by 
> I'.'S (Fig. 2]). We constructed an X-ray image 
deconvolved with the PSF using a maximum like- 
lihood reconstruction technique (|Lucvlll974[) . De- 
convolved images often introduce artificial peaks, 
and the only practical way to examine the validity 
of these new peaks is to see whether they match 
the sources detected in higher resolution images 
in other wavelengths. In the deconvolved X-ray 
image around Gx, we found two peaks at the po- 
sitions shown with the diamonds in Figure [5l The 
locations of these peaks near the positions of Gl 
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and G2 suggest X-ray emission from these sources, 
especially if an astrometric misalignment of ^ (f.'A 
is allowed. A deeper observation will be required 
to confirm emission from Gl and G2. However, 
there is no question that most of the hard X-ray 
emission from Gx arises from a region displaced 
1-2" eastward of Gl and G2. No more than 10% 
of the counts are from Gl and G2. 

4. DISCUSSION 

4.1. Comparison with Other Hard Ex- 
tended Emission 

We can summarize the X-ray properties associ- 
ated with the UC Hn region G in the Welch ring 
as follows. It has a luminosity of ^^Sx 10"^'^ ergs s^^ 
and its spectrum can be fitted with thermal 
plasma of a temperature of ^--^7 keV and an inter- 
stellar extinction of ^5x10^^ cm^-^. The profile is 
extended and a size of ~0.3 pc. The center of the 
diffuse emission is offset from the closest compact 
radio sources. 

These findings can be compared with the prop- 
erties of the hard diffuse emission previously 
claimed in other regions, listed in Table [T] in in- 
creasing order of distance. The parameters of the 
diffuse emission in the Quintuplet cluster were 
not constrained very well because the emission is 
overwhelmed by the intense diffuse emission in the 
Galactic center (|Law fc Yusef-Zadehl [iool . The 
numbers in Table [T] cannot be compared naively 
because of the different reduction techniques used 
by different authors. However, the X-ray prop- 
erties of Gx resemble those found for UC Hn 
regions in Sagittarius B2, in terms of the X-ray 
luminosity, the temperature, the amount of ex- 
tinction, and the size. Both the X-ray luminosity 
and the size of these sources are smaller by an or- 
der of magnitude than those found in star clusters 
like NGC 3603, Arches, and Quintuplet. It thus 
appears that there are two categories for the hard 
diffuse emission from the view point of the X-ray 
luminosity and the size. 

Based on the results in the Welch ring and the 
comparison with the other regions, we explore the 
three possible causes outlined in §1: a collection of 
unresolved point sources, interacting O star winds, 
and a wind-blown bubble. 



4.2. Population of Point Sources 

The first possibility for the cause of the diffuse 
emission at G is that it is a collection of unre- 
solved point sources. As the region contains form- 
ing early-type stars, it should also contain numer- 
ous low-mass YSOs born from the same molecular 
cloud. Because both low-mass YSOs and massive 
young stars show hard X-ray emission, the collec- 
tion of these sources can mimic hard diffuse emis- 
sion when they are unresolved. The total X-ray 
emission from these sources can be estimated in 
the following manner. 

First, the number of massive stars in this re- 
gion is inferred using two indirect methods; any 
direct census of massive stars is difficult due to the 
extreme extinction that prevents observations of 
photospheric emission from these stars in the op- 
tical and NIR bands. One method is to use the lu- 
minosity of dust e mission warmed by m assive stars 
in the MIR band. ISmith et all (|2000f) found that 
the integrated luminosity between 12 and 20 fj,m 
is '^2x 10^ Lq, which corresponds to a single zero- 
age main-sequence (ZAMS) star of spectral type 
06. Another method is to use the Lyman contin- 
uum photons emitted per u nit time derived from 

(|2000l) 



De Free et al 



the radio continuum flux, 
estimate that two 05.5 ZAMS stars are present. 
These two independent estimates both indicate 
there are 1-2 05-6 ZAMS sources in region G. 

We scale the estimate of high-mass population 
in Gx to the X-ray luminosity function of the 
Orion Nebula Cluster (ONC), th e star-forming 



regio n best studied by Chandra (jGetman et al 
20051 ). In the ONC, one 06 V star {0^ OriC) 



accounts for one third of the total hard emis- 
sion, while the whole of the lower mass (0.3- 
3.0 M(T,) YSO popula tion accounts for one half 



(|Feigelson et al.H2005h . In Gx, where 1-2 05- 



6 sources are present, we estimate that the to- 
tal hard X-ray luminosity of point sources is ~1- 
2xl0'^'^ ergs s~^, which is on the same order as the 
observed luminosity. 

In NGC 3603 and N GC 6 334 
(l2006h 



Moffat et al 



(120021 ) and 

timated that 



Ezoe et al. 



respectively es- 
20% of the diffuse 



-25% and 

flux can be explained by unresolved faint point 
sources based on the X-ray luminosity function 
constructed in each region. In the Welch ring, on 
the other hand, we cannot construct the luminos- 
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Table 1 

Hard Diffuse X-ray Emission from High-Mass Star-Forming Regions. 



Region L^'^ k^T^ Sizc*^ Distance Comment Reference 

(ergs s^^) (keV) (cm^^) (pc) (kpc) 

RCW 38 1x10^^ 2.2 1x10^^ 1.5 1.7 cluster Wolk et al. (2002') 

NGC 6334 0.1-5x10^^ >1 0.5-10x10^^ 1 1.7 GMC Ezoe et al. (20061 

NGC 3603 2x10^" 3.1 7x10^^ 4 7.0 cluster Moffat et al. (2002) 

Arches 2x10^* 5.7 1x10^^ 3 8.5 cluster Yusef-Zadeh et al. (2002) 

Quintuplet 1x10^* •■■ ■■■ ■ ■■ 8.5 cluster Law fc Yusef-Zadeh (2004) 

Sgr B2 source 10 9x10^^ 10 4x10^^ 0.2 8.5 UC H ii Takagi et al. (2002) 

Sgr B2 source 13 1x10^^ 5 4x10^^ 0.2 8.5 UC H n Takagi et al. (2002) 

W49A Gx 3x10^*^ 7 5x10^^ 0.3 11.4 UC H n this work 



^Absorption-corrected X-ray luminosity. 

^Plasma temperature. 

'^Interstellar extinction. 

^Physical size of the diffuse emission. 



ity function specific to this region. Considering 
this ambiguity, it is possible that aU of the X-ray 
flux from Gx can be attributed to the integrated 
emission of unresolved point sources. 

4.3. Interacting Winds 

In massive star clusters, winds from each mas- 
sive star collide to p roduce shock-heated plasma 
(jOzernov et al.lll997l ). This is a favored model to 
explain the extended hard X-ray emission based 
on the fact that it is easier to produce hard X- 
ray emission because it can produce higher tem- 
perature plasma than the bubble model (§4.4). 
In the Welch ring, the interacting winds could 
naturally explain the fact that similar extended 
X-ray emission is not found in other UC Hn 
regions at the same level; G is the only region 
that was resolved into se veral bright c ompact 
radio continuum sources ( De Free et al.l HoOOJ, 
indicating the existence of multiple early-type 
stars. Numerical models have been developed 
to explain the di ffuse emission associated with 



the Arches cluster (iRaga et al.ll2001l : ICanto et al 
20Qd: [Rockefeller et al.l bOOsIT A similar model 



could be developed for the Welch ring emission 
for quantitative comparison. 

A related possibility is the production of hard 
X-rays from small-scale wind shocks in Wolf- 
Rayet binary systems. Here, the X-ray luminosity 
reaches ~ 10^'^ e rg s~ ^ and temperatures as high 
as ~10** K (e.g..|Pollock 1987; Usov 1992). Most 
of the observed flux should arise from the position 



where the two winds collide head-on to produce a 
peak temperature plasma; plasma in the periphery 
is subject to cooling as discussed in the next sub- 
section. The observed luminosity and temperature 
of Gx are similar to those observed in Wolf-Rayet 
binary systems. Therefore, the X-ray emission in 
G can also be explained by the colliding winds 
from multiple forming massive stars. 

4.4. Wind-blown Bubble 

A wind-blown bubble model has been em- 
ployed to expl ain the soft di f fuse e mission in 
other regions dTownslev et al. 2003 : Chu et al. 
120031: IWrigge et all l2005l ). The application of 



this model to Gx is inspired by the fact that G, 
unlike other UC Hn regions in the Welch ring, 
is also associated with lobe-like extended radio 
emission with the same scale around the diffuse 
X-ray emission. The bubble model has also been 
used to explain the coherent space velocities of 
water maser sources from the very source of G 
( Mac Low fc Elitzur Il992h . where it was proposed 
that these sources are from the expanding shells 
swept by stellar winds. The involvement of cold 
matter in the hard X-ray emission is strongly 
inferred by the detection of the fluorescent iron 
l ine in Sagittarius B2 and the Arches c luster 
(|Takagi et al.ll2002HYusef-Zadeh et al.ll2002l ). Be- 
cause this possibility for the X-ray emission has 
not been discussed in previous works, we examine 
this idea here in more detail. 

Wind-blown bubbles are formed as a conse- 
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quence of strong stellar winds from massive stars 
and have been mo deled in various circu mstances. 
A classic study of IWeaver et al.l ()l977n discusses 



hard X- 



a case in which the strong wind collides with the 
uniform cold interstellar medium of a ~1 cm~'^ 
density. They argued that the bubble is filled with 
hot (T > 10^ K) gas by shocks of stellar wind and 
the swept-up medium forms a spherical shell. 



Analogous to Figure 1 in lWeaver et al.l (|l977n . 



we consider the case in which the winds from mas- 
sive stars impinge on ambient ^10^ K gas ion- 
ized in advance by UV photons. In the initial 
stage, the ionization front travels at a much faster 
speed than the winds (a typical wind velocity is 
^ 2000 km s~^ for main sequence 0-type stars; 
iLamers fc Leitherer 1993 ). Figure [6] shows four 
layers in a quadrant of the spherically symmet- 
ric model: (a) pre-shock stellar wind, (b) shocked 
stellar wind, (c) shocked ~10'' K gas, and (d) pre- 
shock ~10'* K gas. The reverse shock (RS) and 
the contact discontinuity (CD) mark the (a)-(b) 
and (b)-(c) boundaries, respectively. The four- 
layer s tructure is discussed by numerous authors 
besides IWeaver et"aL ( 19771 ). Note the assumption 
that the fast wind collides in ionized gas, not in 
cold matter. Such a situation is also developed by 
ICapriotti fc Kozminskil hOOlh for H n regions and 
bv Frank fc Mellemal ( 1994 ) for planetary nebulae, 
where both photo-ionization and winds are impor- 
tant. 

This configuration can be applied to the obser- 
vational results in the following way. The compact 
radio sources (Gl and G2) are forming massive 
stars at the center, the extended X-ray emission 
(Gx) is from region (b), and the cometary ex- 
tended radio emission is mainly from region (c). 
The density is higher in region (c) than in region 
(d) after experiencing a shock, and the radio emis- 
sion measure is proportional to the square of the 
density. It is hardly possible that the UV photo- 
ionized plasma emits detectable emission in the 
hard X-ray band. We therefore consider that two 
plasmas of different origins coexist in a system; 
one being the wind-shocked '--^lO^ K gas respon- 
sible for the diffuse X-ray emission and the other 
being the UV photo-ionized ^10"* K gas responsi- 
ble for the diffuse radio continuum emission. 

In order to examine the validity of this picture, 
we can roughly quantify the model for the Gx con- 
ditions. First, the shock temperature in the adi- 



TT 

i X-ray ^ ^ 



shocked wind 



shocked H^^ 
, ~ -10"-^ cm - 

R 




(d) 



centimeter cont. 



Fig. 6. — Schematic view of the wind-blown bub- 
ble caused by winds colliding with ^10'' K gas ion- 
ized in advance by UV photons around a young 
massive star. The pre-shock stellar wind (a), 
shocked stellar wind (b), shocked 10^ K gas (c), 
and pre-shock 10^ K gas (d) are separated by 
the reverse shock (RS), the contact discontinuity 
(CD), and the forward shock (FS), respectively. 

abatic case of (3^mH)/(16fcB)t;^ ^ 5 keV is con- 
sistent with the observed value of ~7 keV, where 
mn is the hydrogen mass, fi 0.6 is the aver- 
age particle mass relative to hydrogen, and ^ 
2000 km s^^ is the win d velocity inferred to accou t 
for the maser emission ( Mac Low fc ElitzuJl992h . 
Second, if the observed X-ray and radio emis- 
sion arise respectively from regions (b) and (c), 
then the pressures of these plasmas are expected 
to be equal, since the pressure is constant across 
the contact discontinuity. The pressure inside the 
discontinuity is nxk^Tyi ~ 1 x 10~^ dyn cm~^, 
where Tx is the observed X-ray temperature and 
nx = yJ{EM^/V-x) - 1 X 10^ cm-^ is the gas 
density derived from the observed X-ray emis- 
sion measure EMx and the assumption that the 
gas fills a spherical volume of a radius of 0.3 pc. 
Similarly, the pressure outside the discontinuity 
is estimated from the radio data as riRfceTR = 
4 X 10~* dyn cm^^, where Tr ^ 10** K is the as- 
sumed photo-ionized gas temperature and riR 
3 X 10"* cm~^ is its density. The density value 
was derived for sources G3-5 in the shorter base- 



line VLA observations (jPe Free et al.l 119971 ) and 
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is assumed to represent the value of the radio 
cometary structure, which we associate with re- 
gion (c) . The pressures across the contact discon- 
tinuity thus agree within a factor of a few. 

The main problem in applying the bubble 
model is the difhculty in attaining the observed 
high plasma temperature of ^ 80 MK. Although 
the adiabatic shock temperature is high enough 
to explain the observed value, the conduction 
may quickly cool the plasma down to ^10^- 
10^ K by interaction with cold matter. Note 
here that the radiative cooling does not play 
an important role because the cooling time of 
(3nxfcBTx)/(1.4 X IQ-^^ V^xnlgs) ~ 5 x 10^ yr 
is longer than the suggested lifetime of the sys- 
tem (-10^ yr; iMac Low fc Elitzuil [l993 ) . where 
ge ~ 1.2 is the average Gaunt factor of the free- 
free emission. The suppression of the conduc- 
tion rate by magnetic fields wrapping the bub- 
ble needs to be considered for this model as 
in clu ster of gal a xies a nd supernova remnant s 



fe.g.. iMalvshkinI |200H IVelazquez et all 120041 ). 



iGonzale z-Aviles et al.l ( 20051 ) calculated the bub- 



ble temperature for different conduction rates 
{k/kc, where is the classical value) and found 
that the temperature under a conduction rate of 
k/kc <1/5 is lower than that under the adiabatic 
case {k/kc — 0) by only a factor of a few. Un- 
der such conditions, the wind-blown bubble model 
can probably account for the observed high plasma 
temperature. 

5. SUMMARY 

We study the Welch ring in W49A in the hard 
X-ray band for the first time using the Chandra 
X-ray Observatory. An extended source with a ra- 
dius of (^0.3 pc) was found to be associated 
with one of the UC Hn regions (G) in the ring. It 
has a X-ray luminosity of ^3x10^'^ ergs s^^ (3.0- 
8.0 keV) with a spectrum fit by a thermal plasma 
at a temperature of ~7 keV and an interstellar 
extinction of ~5xl0^'^ cm~^. The source is ex- 
tended to a scale similar to a lobe-like structure 
in the radio continuum. The center of the diffuse 
X-ray emission is offset from the closest compact 
radio sources. The observed properties are similar 
to those found for the X-ray emission in the UC 
Hn regions in Sagittarius B2. 

Three possibilities are discussed for the cause 



of the hard emission. The ensemble of unresolved 
hard point sources from lower mass YSOs associ- 
ated with the O stars can explain both the ob- 
served X-ray luminosity and temperature of the 
extended emission. Interacting winds from mul- 
tiple massive stars can also explain the observed 
properties. This idea also naturally explains why 
similar hard extended emission is not found in 
other UC Hn regions in the Welch ring, where 
G is the only complex resolved into several bright 
compact radio sources. A wind-blown bubble may 
be able to explain the extended X-ray and radio 
emission at the same time, but it requires that con- 
ductive cooling is significantly suppressed across 
the contact surface. From the available data, we 
cannot conclusively choose one model for the emis- 
sion in the Welch ring over the others, and the 
production mechanism of the hard diffuse emis- 
sion remains an open question. 
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